We observe an effective magnetic field for photons using an on-chip silicon-based Ramsey-type interferometer. This interferometer generates a direction-dependent phase which corresponds to a magnetic field of 0.2 Gauss in an Aharonov-Bohm configuration for electrons. The interaction of light and magnetic field would enable critical non-reciprocal devices such as isolators. However, photons are neutral particles that do not interact directly with a magnetic field. Recently, there have been several demonstrations of on-chip isolators [1] and topologically protected edge modes [2] based on magneto-optical materials. These materials are inherently difficult to integrate on-chip and the magneto-optic effect is weak in near-IR and visible domains. This leads to the fundamental question of whether one can generate an effective magnetic field directly coupled with photons in the optical domain while not limited to magneto-optical materials.
photonic Ramsey interferometer ( Fig. 1(a) ), we replace the two atomic states and laser excitations with two photonic states (in our case even-and odd-modes in a waveguide) and modulators, respectively. As light in the even-mode (ground state) enters the interferometer, the first modulator (left) induces a refractive index perturbation and couples a portion of light in the even-mode to the odd-mode (excited state). Following the excitation (i.e., coupling), similar to the atomic case, the propagating light is in a superposition of the even-and odd-mode. The two modes experience different phases ( p ) owing to their different propagation constants. A second modulator (right) couples light in the odd-mode back into the even-mode and light exiting the interferometer exhibits an interference profile: cos( p ).
We use the Ramsey interferometer to probe the phase and break the reciprocity of light thus inducing an effective magnetic field. This is achieved by choosing the two modulators in the interferometer to have different phases of  L and  R ( Fig. 1(a) ). When inducing couplings, modulators impart their phases on photons. With respect to the phase of the local oscillator that drives the modulator, the imparted phase on photons is negative (positive) if excitation (de-excitation) occurs [1] . If the phases of both modulators are identical ( Fig. 1(a) ), then the total imparted phases are cancelled. However, if the modulators have different phases, these imparted phases are detected and the transmission becomes direction-dependent. When light enters the interferometer from the left (right), the output of the interferometer is proportional to cos( p - L + R ) (cos(p- R + L )). This non-reciprocal transmission is a result of an effective magnetic flux, where B flux = L - R (see Ref. [3] ).
We implement the photonic Ramsey interferometer by using the supermodes (even-and odd-modes) of a silicon coupled-waveguides. Fig. 1(b) illustrates the overview of the interferometer. The modulators are formed by embedding pn and np diodes in the waveguides. The width of the depletion region in the waveguide changes as signal is applied, which induces a change in the refractive index of the coupled-waveguides. We also use a pn-np configuration such that at any time instance, only one side of the coupled-waveguides experiences a depletion width change, which enables coupling between the supermodes. The two modulators are identical, and only their modulation phases are different. The length of both modulators is 3.9 mm, which in simulation provides an equal probability (50 %) to populate both the two supermodes. The gap of the coupled-waveguides varies along the interferometer. At the edges where the modulators are placed, it is equal to 900 nm to separate the two supermodes in frequency by a few GHz in the optical c-band. In the center, the gap is tapered (the taper length is 100 m) down to 550 nm and extends for a distance L f such that the two supermodes experience different effective indices (n eff ), and the phase difference between the two supermodes becomes k×L f (k=2×n eff / ). We also place multi-mode interference (MMI) devices at each end so that only even-mode enters and exits the interferometer.
We experimentally observe non-reciprocal fringe patterns indicating the existence of an effective magnetic flux from 0 to 2. Fig. 1(c) shows the optical transmission of our devices when light is propagating from left to right (L →R) and right to left (R→L). Two synchronized sinusoidal RF signals are applied such that  L and  R are correlated. We choose  = 1570 nm to match the modulation frequency (f  = 4 GHz) to the frequency difference between the supermodes. As shown in Fig. 1(c) , we see full periods of sinusoidal optical transmissions (fringe patterns) as  =  L - R varies from 0 to 2. The solid curves in Fig. 1(c) are the theory curve fits, and they all match well the experiments. For all cases of L f , we observe clear non-reciprocal transmission, where the  that corresponds to the maximum transmission for R→L ( R → L ) is different than that of L→R ( L → R ). We further show in Fig. 1(d) a linear relationship between | R → L - L → R | and L f . This result is expected because  R → L and  L → R are both proportional to the phase difference between the two supermodes which is also proportional to L f . The experiments (circles) match well with the theory (solid) and the data all lie within the theoretical window (gray) that accounts for ±5 % process variation (slab-thickness and gap of the coupled-waveguides). The effective magnetic flux for photons (B flux ) of 2 corresponds to a magnetic field for electrons of ~0.2 Gauss assuming propagation through an AB interferometer with a device area as the area of our device. In summary, we have shown an effective magnetic field for photons using a silicon-based on-chip photonic Ramsey-type interferometer. We expect the magnetic field to increase as the device area is further reduced, for example, by using optical resonators.
